The fumarate and nitrate reduction (FNR) 
INTRODUCTION
Escherichia coli is a metabolically versatile chemoheterotroph, capable of growth on various substrates under various oxygen tensions. Under anaerobic conditions, fumarate or nitrate, among others, can replace O 2 as the terminal electron acceptor [1] . Optimal switching from one respiratory pathway to another is thus a key requirement for this flexibility. In E. coli, the fumarate and nitrate reduction (FNR) transcriptional regulator is responsible for sensing environmental levels of O 2 and controlling the switch to anaerobic respiration [2] [3] [4] [5] .
FNR is a member of the cAMP receptor protein (CRP)-FNR superfamily of homodimeric transcriptional regulators, which consist of an N-terminal sensory domain and a C-terminal DNA-binding domain. Although a high-resolution structure is not yet available, the homology of FNR with the structurally characterized CRP [6] , together with extensive biochemical data, has enabled a structural model to be proposed in which an O 2 -sensing [4Fe-4S] cluster is located in the N-terminal domain, co-ordinated by four cysteine residues (Cys 20 , Cys 23 , Cys 29 and Cys 122 ) [7] [8] [9] . In the absence of O 2 , monomeric (∼30 kDa) FNR acquires a [4Fe-4S] 2 + cluster, triggering a conformational change at the dimerization interface that leads to the formation of homodimers (∼60 kDa) and site-specific DNA binding [10, 11] . Upon exposure to O 2 , the [4Fe-4S] 2 + cluster is converted into a [2Fe-2S] 2 + form [8, 12] via a mechanism involving a [3Fe-4S]
1 + intermediate [13, 14] . Cluster conversion results in a rearrangement of the dimer interface, leading to monomerization [10] . In this respect, E. coli and closely related FNR proteins are unique. Other members of the CRP-FNR family typically remain dimeric, irrespective of the presence of their analyte [15] , showing that the conformational changes that switch the DNA affinity are not associated with a monomer-dimer equilibrium.
The FNR variant D154A exhibits an increased tendency to dimerize and, as a result, is constitutively active (a so-called FNR* variant) [3, 16, 17] . This substitution falls within a region (residues 140 to 159) analogous to the dimerization helix of CRP. Moore and Kiley [17] showed that the negatively charged side chain of Asp 154 is oriented towards the dimer interface, where intersubunit charge repulsion is proposed to inhibit dimerization before cluster acquisition. Thus, insertion of the [4Fe-4S] 2 + cluster apparently causes shielding of the negative charge of Asp 154 , thereby facilitating dimerization. Removal of the negatively charged side chain by substitution also alleviates the repulsion, even in the absence of a cluster, leading to a predominantly dimeric form [17] .
Ile 151 , a residue also in the dimerization helix, plays a critical role in the shielding of the negative charge of the Asp 154 side chain upon cluster acquisition. The I151A variant, in which isoleucine is replaced by a residue with a significantly shortened hydrophobic side chain, appears to be less able to shield the negative charge of Asp 154 after cluster acquisition. As a result, I151A exists as a monomer, even in the presence of a [4Fe-4S] 2 + cluster [17] . The requirement of a dimeric form of FNR for high-affinity DNA binding, together with the O 2 -sensitive [4Fe-4S] to [2Fe-2S] cluster transformation that controls the FNR monomer-dimer equilibrium, implies that the reactivity of the cluster will be linked to the association state in such a way that anything that influences the monomer-dimer equilibrium will also affect the cluster O 2 -reactivity. The D154A and I151A FNR variants provide a means to test this possibility.
Site-specific binding of dimeric [4Fe-4S] FNR to DNA represents another interaction that could affect potentially the cluster conversion reaction. DNA binding could, through induced conformational changes, influence the accessibility of O 2 to the cluster, or perhaps the precise arrangement of co-ordinating cysteine residues that may influence the redox properties of the cluster. An early investigation of the effect of DNA binding on the E. coli FNR reaction with O 2 concluded that it had essentially no effect [18] . However, a 34-bp dsDNA oligomer containing only the consensus FNR-binding site was used, and thus some features contributing to the nucleoprotein complex that are more remote from the core binding site might not have been revealed. Furthermore, the study used an iron chelator to monitor cluster conversion, and it is known that external iron chelators can have a significant effect on the kinetics of cluster conversion [13] . This re-examination of the effect of DNA binding was further prompted by studies of Neisseria meningitidis FNR (Nm-FNR), which showed that DNA binding has a significant effect on the cluster conversion reaction, increasing the initial O 2 reaction rate, although the conversion of the intermediate [3Fe -4S] 1 + cluster into the [2Fe-2S] 2 + cluster was slowed significantly, thereby prolonging the period over which FNR remains transcriptionally active [19] .
In the present paper, we report in vivo studies of D154A and I151A FNR variants that confirm the importance of FNR dimerization for transcriptional activity and showed that the rate of transcriptional response, dependent on 
MATERIALS AND METHODS

Plasmid construction
The FNR protein was overproduced initially as a GST-FNR fusion from the expression plasmid pGS572 [20] . Equivalent expression plasmids encoding C16A/C122A GST-FNR (pGS2257a) and I151A GST-FNR (pGS2252) were constructed by site-directed mutagenesis of pGS572 using the QuikChange ® system (Stratagene). A previously constructed GST-FNR D154A expression plasmid (pGS771) [21] was used as the template for synthesis of the GST-FNR C122A/D154A expression plasmid (pGS2267), again using the QuikChange ® protocols. Plasmid pGS422 contains a 343-bp DNA fragment containing consensus FNR-binding site (FF-41.5, TTGATGTACATCAA) located between the EcoRI and HindIII restriction sites of pUC13 [22] . For in vivo transcription studies, pBR322 derivatives encoding the following FNR variants under the control of the fnr promoter as HindIII/BamHI fragments were used: pGS196 (FNR), pGS385 (FNR C122A), pGS2405 (FNR D154A), pGS2401 (FNR C122A/D154A) ( [23] and the present study). The authenticity of all plasmids was confirmed by DNA sequencing.
In vivo expression studies
E. coli JRG6348 is an fnrlac deletion strain with a chromosomal copy of lacZ fused to a semi-synthetic FNR-dependent promoter (FF-41.5). JRG6348 was transformed by plasmids encoding the indicated FNR variants. Aerobic cultures were grown with shaking (250 rev./min) at 37
• C in conical flasks containing LB broth and ampicillin (200 μg·ml − 1 ) up to 10% of their total volume until exponential phase was reached (a D 600 of 0.3-0.4). Anaerobic cultures were grown in sealed bottles containing LB broth supplemented with ampicillin at 37
• C until exponential phase was reached (D 600 of 0.15-0.25). In some experiments, aerobic cultures were grown and then transferred into sealed bottles, and vice versa, to study the dynamics of FNR switching in vivo. Samples were removed as indicated and β-galactosidase activities were measured according to the Miller protocol [24] . In all cases, pre-cultures were grown under the same conditions (i.e. either aerobic or anaerobic) as the initial conditions used in the experiments. Each experiment was performed at least three times.
Purification of in vivo and in vitro assembled [4Fe-4S] FNR
Aerobic cultures of E. coli BL21λDE3 containing pGS572 (GST-FNR), pGS771 (D154A GST-FNR), pGS2252 (I151A GST-FNR) or pGS2257a (C16A/C122A GST-FNR) were grown, and GST-FNR overproduction was initiated by the addition of IPTG (0.4-1 mM). In vivo cluster assembly of GST-FNR fusion proteins was promoted under anaerobic conditions, as described previously [25] . GST-FNR fusion proteins were isolated anaerobically using buffer A (25 mM Hepes, 2.5 mM CaCl 2 , 100 mM NaCl and 100 mM NaNO 3 , pH 7.5), and FNR was cleaved from the fusion protein using thrombin, as described previously [25] . In vitro cluster assembly was carried out in the presence of NifS, as described previously [25] .
Isolation of [2Fe-2S] FNR
Samples of [2Fe-2S] FNR were prepared freshly by combining an aliquot of [4Fe-4S] FNR (100 μl of typically 700 μM cluster) with an aliquot (500 μl) of buffer B (10 mM potassium phosphate, 400 mM KCl and 10 % glycerol, pH 6.8) containing dissolved atmospheric O 2 . The sample was gently mixed in the presence of air for 2 min before being returned to the anaerobic cabinet (Belle Technology) and immediately passed down a desalting column equilibrated with buffer A (PD10, GE Healthcare) to remove lowmolecular-mass species (e.g. O 2 and Fe 3 + /2 + ) before use.
Spectroscopy
Absorbance measurements were made with a Jasco V550 UV-visible spectrophotometer under anaerobic conditions via coupling to an anaerobic cabinet via a fibre optic interface (Hellma). CD measurements were made with a Jasco J-810 spectropolarimeter. EPR measurements were made with an Xband Bruker EMX EPR spectrometer equipped with an ESR-900 helium flow cryostat (Oxford Instruments). Spin intensities of paramagnetic samples were estimated by double integration of EPR spectra using 1 mM Cu(II) and 10 mM EDTA as the standard.
Kinetic measurements
Kinetic measurements of the reaction of [4Fe-4S] FNR proteins were performed at 25
• C by combining different aliquots (2 ml of total volume) of aerobic and anaerobic buffer A or buffer B, as described previously [13] 
Data analysis
FNR cluster conversions were followed under pseudo-first-order conditions (with oxygen in excess) by measuring absorbance changes at 420 nm. Datasets were fitted either to a single exponential or, where single exponential fits were not satisfactory, to a double exponential function, as described previously [13, 14] . Observed rate constants (k obs ) obtained from the fits (in the case of fitting to a double exponential function, the rate constant of the first reaction phase was used) were plotted against the corresponding initial concentration of O 2 to obtain the apparent second-order rate constant. Fitting of kinetic data was performed using Origin (version 8, Origin Labs) and Dynafit [26] . Estimates of errors for rate constants are represented as + − S.E.M. values.
Quantitative methods
FNR protein concentrations were determined using the method of Bradford (Bio-Rad Laboratories), with BSA as the standard, and a previously determined correction factor of 0.83 [27] for apo-FNR. Iron and acid-labile sulfide contents were determined, as described previously [28, 29] . Based on the analyses, both native and reconstituted [4Fe-4S] FNR samples exhibited ε 405 values of ∼16220 M − 1 ·cm − 1 , in close agreement with previously reported values [13, 18] . The concentration of dissolved atmospheric O 2 present in buffer solutions was determined by chemical analysis according to the method of Winkler [30] .
RESULTS
Iron-sulfur cluster incorporation and dimerization are required for FNR transcriptional activity in vivo
The activity of FNR is controlled by incorporation of an O 2 -sensitive [4Fe-4S] cluster into FNR monomers resulting in the formation of FNR dimers that exhibit enhanced site-specific DNA binding [3, 8, 12] . The FNR variants D154A and I151A are dimeric and monomeric respectively, irrespective of the presence or absence of the [4Fe-4S] cluster [17, 31] . As expected, the in vivo activity of wild-type FNR was very low under aerobic conditions and was strongly enhanced (∼30-fold) under anaerobic conditions ( Figure 1A ). The anaerobic activity of the C122A FNR variant, which lacks one essential iron-sulfur cluster coordinating cysteine residue, was close to that of the vector control, suggesting that this variant fails to acquire a [4Fe-4S] cluster in vivo ( Figure 1A ). I151A FNR resembled C122A FNR in that both had low activity under aerobic and anaerobic conditions, consistent with the inability to form homodimers, and confirming previous results using the nar promoter as a reporter of I151A FNR activity [17] ( Figure 1A ). In contrast, the aerobic activity of the D154A FNR variant was significant, presumably due to its homodimeric nature, and the enhancement in activity under anaerobic conditions (3.6-fold) was significantly less than that observed for wild-type FNR (P = 0.042 in a two-tailed Student's t test), consistent with previous observations in which D154A FNR had only ∼75 % of the anaerobic activity of wild-type FNR (Figure 1A) [3] . Analysis of the C122A/D154A FNR variant revealed only a 1.5-fold enhancement in activity under anaerobic conditions ( Figure 1A ). This suggests that the enhanced anaerobic activity of D154A FNR is due to iron-sulfur cluster acquisition and that the aerobic activity of this variant is due to its propensity to dimerize and consequently bind DNA.
The results described above and elsewhere are consistent with a series of events in which iron-sulfur cluster acquisition by wild-type FNR monomers is followed by dimerization and then site-specific DNA binding upon transfer from aerobic to anaerobic conditions. In contrast, the aerobic activity associated with D154A FNR indicates that it is pre-loaded on to the DNA, and upon transfer to anaerobic conditions, the incorporation of iron-sulfur clusters further enhances transcriptional activity by improving productive interactions with RNA polymerase [32] . In grey is a fit of the chromatogram to multiple Gaussian peaks, revealing peaks corresponding to masses of 48 kDa and 33 kDa, accounting for ∼20 % and 80 % of the total peak area respectively. The chromatogram of predominantly dimeric wild-type FNR (∼70 μM [4Fe-4S], 94 % replete) is shown below for comparison. The right-hand panel shows a calibration curve for the Sephacryl S100HR column. Open circles correspond to standard proteins (BSA, carbonic anhydrase and cytochrome c), black squares correspond to [4Fe-4S] wild-type FNR (54 kDa), black triangles correspond to [2Fe-2S] wild-type FNR (33 kDa) and grey circles correspond to C16A/C122A FNR peaks. The buffer was 25 mM Hepes, 2.5 mM CaCl 2 , 100 mM NaCl and 100 mM NaNO 3 (pH 7.5).
( Figure 1A) . Therefore, the effect of the D154A substitution on the rate of FNR activation was tested in vivo. E. coli JRG6348 is an fnr mutant with a single-copy lacZ gene under the control of an FNR-dependent promoter (FF-41.5). Aerobic cultures of JRG6348 containing plasmids expressing FNR, C122A FNR, D154A FNR or C122A/D154A FNR, were grown to exponential phase and FNR activity was estimated by measuring β-galactosidase activity. The cultures were then transferred to anaerobic conditions and sampled at intervals to determine the rate of induction of FNR activity, before re-oxygenating the cultures by returning them to the shake flasks. The initial β-galactosidase activity for D154A FNR cultures was 3.5-fold greater than that for wild-type FNR, consistent with target DNA binding by the former, independent of O 2 availability. To correct for the non-iron-sulfur cluster-dependent activity of D154A FNR, the values obtained for C122A FNR and C122A/D154A FNR, which are incapable of significant iron-sulfur acquisition, were subtracted from those of the FNR and D154A FNR cultures respectively. The data show that the responses of wild-type and D154A FNR proteins were superimposable ( Figure 1B) . Thus, there was no significant difference in the rate of β-galactosidase accumulation upon switching aerobic cultures to anaerobic conditions and vice versa ( Figure 1B) . Therefore, the results suggest that pre-dimerization/loading of apo-FNR on to target DNA does not affect the rate of iron-sulfur clusterdependent β-galactosidase synthesis when cultures are transferred to anaerobic conditions. Similarly, decoupling iron-sulfur cluster disassembly from the FNR dimer-monomer transition did not significantly alter the output from the reporter (β-galactosidase) when anaerobic cultures were exposed to O 2 .
Cluster incorporation into C16A/C122A, D154A and I151A FNR variants C122A FNR exhibited remarkably low activity in vivo, and we wished to know whether this was due to a deficiency in [4Fe-4S] cluster binding, in cluster-mediated dimerization or both. To determine this, FNR containing the C122A substitution was purified. This protein also contained a second substitution, in which Cys 16 , a fifth cysteine residue in FNR that is not involved in cluster co-ordination, was replaced with alanine. Previous studies showed that this cysteine residue can be substituted without affecting the activity of the protein [7] . Because it lies relatively close to the cluster in wild-type FNR, it was removed from here to ensure that it could not become a cluster ligand upon reconstitution of FNR containing the C122A substitution. Anaerobically isolated C16A/C122A FNR was almost colourless. The UV-visible absorbance spectrum of a concentrated sample revealed the presence of a small amount of an iron-sulfur cluster (∼4 % based on a typical [4Fe-4S] cluster molar absorption coefficient), demonstrating a deficiency in cluster incorporation in vivo. In vitro reconstitution of the cluster generated a sample containing an iron-sulfur cluster (at ∼40 % loading), with UVvisible absorbance properties characteristic of a [4Fe-4S] cluster (Figure 2A ). Since iron-sulfur proteins derive their optical activity from the fold of the protein to which they are ligated, their CD spectrum can provide detailed information about the local cluster environment. The CD spectrum of C16A/C122A FNR was very different from that of wild-type FNR and, in general, was not typical of a [4Fe-4S] cluster, more closely resembling a blueshifted version of a [2Fe-2S] cluster ( Figure 2B ). The cluster remained O 2 -sensitive, however, undergoing conversion into a more typical [2Fe-2S] form upon titration with air-saturated buffer (Figures 2A and 2B) . The association state of the anaerobically reconstituted protein was examined by gel filtration ( Figure 2C) . Importantly, the sample exhibited behaviour distinct from that of the natively folded FNR dimer. A wild-type sample at a similar cluster loading (40 %) would be expected to run as 60 % monomer and 40 % dimer. The C16A/C122A FNR sample ran as 80 % monomer and 20 % dimer (or close to dimer). This indicates that the capacity of [4Fe-4S] C16A/C122A FNR to form a stable dimer is much diminished.
Thus, in the absence of Cys 122 , FNR does not incorporate significant amounts of cluster in vivo, but can accommodate a cluster through in vitro reconstitution. However, this has unusual spectroscopic properties, and the protein does not efficiently dimerize. This suggests that the correct arrangement of cluster ligands is crucial for the formation of a stable dimeric form upon cluster incorporation. These in vitro studies are consistent with the in vivo properties of the C122A variant.
D154A and I151A FNR proteins isolated from anaerobic cultures displayed a straw brown colour consistent with the presence of an iron-sulfur cluster. Gel filtration confirmed that the association states of the proteins were as reported previously: D154A was dimeric and I151A was monomeric, irrespective of the cluster content of the protein (not shown) [17] . Anaerobic reconstitution yielded highly coloured proteins. UV-visible absorbance spectra ( Figure 3A) contained absorption maxima at 320 nm and 405 nm, together with a broad shoulder at 420 nm. These are very similar to the spectrum of wild-type [4Fe-4S] FNR [13] (and indistinguishable from those of the proteins containing a cluster following anaerobic isolation, not shown). Both D154A and I151A FNR samples were EPR-silent, consistent with the cluster being in the [4Fe-4S] 2 + oxidation state (not shown). The CD spectrum of D154A FNR, like that of wild-type FNR, contained six positive features at 291, 323, 378, 418, 510 and 548 nm [13] (Figure 3A, inset) . In contrast, I151A FNR displayed a distinct CD spectrum dominated by the positive feature at 420 nm. Other positive features observed at 293, 323 and 375 nm were similar to those of wild-type FNR, with features at 500 nm being poorly resolved (inset Figure 3A) . When compared with the wild-type and D154A spectra, it is apparent that the changes in the I151A spectrum arise from a loss of intensity from all the major bands apart from that at 420 nm. Moore and Kiley [17] showed that the far-UV CD spectrum of [4Fe-4S] I151A was indistinguishable from that of wild-type FNR, implying that the two proteins contain equivalent secondary structure content. Therefore, the observed changes are most probably due to subtle effects on the cluster caused by the difference in association state of I151A (monomeric) compared with wild-type and D154A FNR (both dimeric).
D154A and I151A FNR variants undergo O 2 -mediated [4Fe-4S] into [2Fe-2S] cluster conversion
To determine whether the altered association state properties of the variants influenced their O 2 -sensitivities, [4Fe-4S] D154A and I151A FNR variants were titrated with air-saturated buffer (232 μM O 2 , 19
• C). This resulted in a decrease in the absorbance at 420 nm and a concomitant increase in the 460-660 nm region, as reported for wild-type FNR ( Figure 3A) . Plotting [13] ). I151A FNR gave an apparent second-order constant of 130 (+ − 6) M − 1 ·s − 1 ( Figure 4C ). Time-resolved EPR measurements were performed as described previously for FNR [13, 14] 1 + species was enhanced significantly in this variant compared with wild-type and with D154A. It should be noted that a third exponential was needed to fit the UV-visible absorbance data, with rate constants for the first two processes matching those above and a third rate constant of 1.5 (+ − 0.6) × 10 − 4 s − 1 . This corresponds to the decay of the [2Fe-2S] cluster to the 
FNR bound to DNA exhibits an enhanced rate of [4Fe-4S] into [2Fe-2S] conversion
To investigate the effects of DNA on the kinetics of cluster conversion, anaerobic wild-type [4Fe-4S] FNR was mixed with aliquots of pGS422, a plasmid containing a consensus (TTGATGTACATCAA) FNR-binding site, in buffer C (see the Materials and methods section), to give a 1.2-fold excess of DNA. Wild-type FNR was shown previously to bind specifically (K d ∼ 14 nM) to the FF-41.5 promoter in anaerobic buffer in an O 2 -dependent manner [34, 35] . In the absence of pGS422, cluster conversion occurred in an O 2 -dependent manner under pseudo-first-order conditions, as observed previously [14] . A double exponential function was needed to fit the data. The second phase of the reaction, which only begins to contribute significantly towards the end of 100 s acquisition period, corresponds to a slow increase in absorbance; this is unusual, but has been observed previously under certain conditions [13] and is believed to be associated with the instability of the [3Fe-4S] 1 + intermediate, or with the propensity of ejected Fe 2 + to precipitate. Despite this, the rate constant for the initial step can be readily obtained [13] ; the apparent second-order rate constant under these conditions (in buffer C) was k 1 = 229 (+ − 10) M − 1 ·s − 1 ( Figures 7A and 7D ). In the presence of pGS422, the datasets were best described by a single exponential function ( Figure 7B) Figure 7D ). Experiments using a 345-bp FF-41.5 linear DNA fragment in place of pGS422 gave results very similar to those obtained with supercoiled plasmid DNA ( Figures 7C and 7D) .
DISCUSSION
FNR and members of the CRP family are transcriptional regulators that bind as dimers to DNA operator sequences. E. coli FNR is unusual in undergoing a monomer-dimer A molecular model based on the high-resolution structure of CRP indicates that Asp 154 is located at the interface of the dimerization helices, the negative charge associated with this residue preventing dimerization [17] . Binding of a [4Fe-4S] remotely from this site causes a conformational rearrangement that shields the negative charge, enabling dimerization. Substitution of alanine for Asp 154 removes the negative charge, leading to dimerization even in the absence of cluster-dependent structural changes. Thus, D154A FNR remains predominantly dimeric even in the presence of O 2 . Ile 151 is predicted to lie below D154A also in the region of the dimerization helices [17] , where it is proposed to play a key role in shielding the negative charge due to Asp 154 when FNR binds a [4Fe-4S] cluster. Substitution of alanine for this residue results in ineffective shielding, such that dimerization cannot occur. Thus, I151A FNR is monomeric, even in a cluster bound form. Analysis of FNR containing the C122A substitution, which is deficient in cluster incorporation and hence dimerization, together with these two variants confirmed the importance of both dimerization and ironsulfur cluster acquisition for FNR activity in vivo.
Consideration of the dynamics of FNR switching in vivo showed that the dimeric variant, FNR D154A, was activated for gene expression at a rate comparable with that of wild-type FNR. Thus, it was concluded that dimerization is neither rate-limiting for FNR-dependent gene expression, nor is iron-sulfur cluster acquisition significantly impaired when the dimeric state of FNR is maintained, resulting in pre-loading FNR on to target DNA, in the presence or absence of O 2 structural communication between the dimerization helix and the cluster-binding domain. The reaction of I151A with O 2 is broadly similar to that of wild-type FNR, but is more significantly affected than that of D154A FNR. The rate constant for the initial reaction is similar to that of wild-type protein, whereas that for the second step is higher, with the consequence that the [3Fe The O 2 -reactivity data are consistent with a previous study that aerobic isolation of D154A FNR results in a cluster-free protein, suggesting that the protein retained an O 2 -sensitive cluster [10] . It is also consistent with the idea that the immediate cluster environment plays a key role in determining its reactivity with O 2 [36, 37] , as the properties of the D154A FNR cluster are identical with those of the wild-type protein. For I151A, the modified cluster environment is consistent with the distinct reactivity. The increased rates of decay of the [3Fe-4S] 1 + intermediates of D154A and (particularly) I151A can be rationalized by considering that the [3Fe-4S] 1 + into [2Fe-2S] 2 + conversion step is the one that most probably drives the monomerization process in wild-type FNR. In the permanent dimer D154A, this monomerization does not occur because the charge repulsion due to Asp 154 upon cluster conversion is absent. Thus, the cluster conversion occurs more readily. In the permanent monomer I151A, there is no additional charge repulsion upon cluster conversion because the protein is already monomeric. Hence, again, the conversion process can occur more readily.
In view of contrasting literature reports and an evolving mechanistic understanding, we also wished to examine further the effect of DNA binding on cluster reactivity with O 2 using DNA with an FNR promoter and all other possible cis-acting regulatory sequences. Addition of O 2 led to the same overall reaction as in the absence of DNA, generating a [2Fe-2S] 2 + cluster form. However, the decay data at 420 nm fitted well to a single exponential function, rather than a double exponential function (required to fit FNR data in the absence of DNA), suggesting that conversion of the [3Fe cluster is enhanced such that the whole process appears to be a single-step reaction. The rate constant for the O 2 -dependent conversion reaction is ∼2-fold higher for FNR when bound to DNA. This result is different from that reported previously for E. coli FNR bound to a 34-bp dsDNA fragment containing the FNR consensus sequence, for which no significant effect was found [18] . Our data are, however, at least in part similar to that reported for 
